Duchenne muscular dystrophy (DMD) is an incurable X-linked genetic disease that is caused by a mutation in the dystrophin gene and affects one in every 3,600 boys. We previously showed that long telomeres protect mice from the lethal cardiac disease seen in humans with the same genetic defect, dystrophin deficiency. By generating the mdx 4cv /mTR G2 mouse model with "humanized" telomere lengths, the devastating dilated cardiomyopathy phenotype seen in patients with DMD was recapitulated. Here, we analyze the degenerative sequelae that culminate in heart failure and death in this mouse model. We report progressive telomere shortening in developing mouse cardiomyocytes after postnatal week 1, a time when the cells are no longer dividing. This proliferation-independent telomere shortening is accompanied by an induction of a DNA damage response, evident by p53 activation and increased expression of its target gene p21 in isolated cardiomyocytes. The consequent repression of Pgc1α/β leads to impaired mitochondrial biogenesis, which, in conjunction with the high demands of contraction, leads to increased oxidative stress and decreased mitochondrial membrane potential. As a result, cardiomyocyte respiration and ATP output are severely compromised. Importantly, treatment with a mitochondrial-specific antioxidant before the onset of cardiac dysfunction rescues the metabolic defects. These findings provide evidence for a link between short telomere length and metabolic compromise in the etiology of dilated cardiomyopathy in DMD and identify a window of opportunity for preventive interventions.
D
uchenne muscular dystrophy (DMD), the most common heritable myopathic disease in humans, is the result of a mutation in the dystrophin gene located on the X-chromosome (1, 2). The dystrophin gene, which encodes a 427-kDa cytoplasmic protein that forms the dystrophin-glycoprotein complex connecting the cytoskeleton of a muscle fiber to the surrounding extracellular matrix, is required in both skeletal and cardiac muscles (1, 3) . Patients with DMD typically exhibit symptoms at 3-5 y of age, with evidence of focal necrotic skeletal myofibers, muscle hypertrophy, and high levels of serum creatine kinase (4) . Loss of dystrophin in cardiac tissues of patients with DMD leads to an influx of extracellular calcium, which triggers a pathological cascade of protease activation, myocyte death, necrosis, and inflammation, resulting in increased fibrosis (5, 6) . Although electrocardiography can detect cardiac dysfunction in more than half of patients with DMD aged 6-10 y, early symptoms of cardiomyopathy may go undetected because of limited exercise tolerance. With advances in respiratory support, patients with DMD now typically present with cardiac failure leading to death in the second or third decade of life (7) .
A major challenge hindering the development of effective therapies for DMD has been the lack of an animal model that closely recapitulates the cardiac disease seen in patients. The most commonly used Duchenne mouse model is the mdx 4cv mouse, which lacks functional dystrophin similar to patients with DMD, yet exhibits only a mild skeletal muscle dystrophic phenotype, and no cardiac phenotype (8, 9) . We hypothesized that telomere length might account for this difference, as mice have much longer telomeres than humans (10) . Telomeres are protective DNA repeat sequences that are bound and capped by shelterin proteins at the ends of chromosomes. Shortened telomeres have been correlated with disease states both in largely nonproliferative organs, such as the heart and brain (11) , and in proliferative organs and diseases, such as cancer (12) . However, a functional role for critically shortened telomeres in cardiac disease has not previously been elucidated. We recently found that when mdx 4cv mice were generated with shorter "humanized" telomeres by breeding with mice lacking the RNA component of telomerase (mTR), the skeletal muscle wasting and cardiac failure characteristic of patients with DMD were fully manifested (13, 14) . Our findings were unexpected, as in contrast to skeletal muscle, in which the loss of proliferative capacity of the satellite cells leads to muscle wasting because of the inability to meet the chronic need for regeneration, the heart is a largely quiescent tissue. Adult cardiac development is characterized by low cell turnover, as shown from carbon-14 integration generated by
Significance
We have found that long telomeres protect mice from genetic cardiac diseases analogous to those found in humans, such as Duchenne muscular dystrophy (DMD). Mice lacking dystrophin, similar to patients with DMD, exhibit only mild disease. In contrast, mice that lack dystrophin and have "humanized" telomere lengths (mdx 4cv /mTR G2 ) fully manifest both the severe human skeletal muscle wasting and cardiac failure typical of DMD. Remarkably, telomere shortening accompanies cardiac development even after cardiomyocyte division has ceased. This chronic proliferation-independent shortening in dystrophin-deficient cardiomyocytes is associated with induction of a DNA damage response, mitochondrial dysfunction, increased oxidative stress, and metabolic failure. Our findings highlight an interplay between telomere length and mitochondrial homeostasis in the etiology of dystrophic heart failure.
nuclear bomb tests in humans (13) and by BrdU labeling in mouse hearts (14) . In the cardiomyocytes of hearts of the mdx 4cv /mTR KO mouse model of DMD, which require dystrophin to function, we observed a significant decrease in telomere length compared with controls (15) . Importantly, other muscle cell types in the same cardiac tissues, vascular smooth muscle cells that do not express dystrophin, did not exhibit shortened telomeres (15) . Notably, these findings were corroborated in human cardiac tissues of patients with DMD, in which cardiomyocytes had 55% the telomere length of normal individuals (15) . Although these results highlighted a role for telomere shortening in the etiology of the disease, the molecular sequelae that drive DMD heart failure were not elucidated.
Here we demonstrate that chronic telomere shortening occurs during postnatal development in cardiomyocytes of the DMD mouse model (mdx 4cv /mTR KO ) in a proliferation-independent manner. Chronic shortening, in conjunction with activation of p53, resulted in reduced mitochondrial biogenesis, decreased mitochondria copy number and respiration, and increased oxidative stress in purified cardiomyocytes. Our results define a time window for therapeutic intervention and provide insights into the molecular crosstalk between telomere maintenance and metabolic homeostasis that underlies heart failure in DMD.
Results
Mouse Model of DMD. We generated dystrophic mice with "humanized" telomere lengths by breeding the mTR mice (lacking the RNA component of telomerase, known as mTR or Terc) (16) with the exon 53 dystrophin mutant mice (mdx 4cv ), as described previously (15, 17) . Our breeding scheme yields mdx 4cv /mTR KO double knockouts with a genetic background identical to mTR KO to rule out strain differences as a cause for the observed phenotypes. Because human DMD is X-linked, our studies were restricted to male mice, and comparisons were performed using mice of all genotypes at the same age and generation (second generation; G2). G2 is well before the telomere shortening observed ubiquitously in mTR KO mice with successive generations, which by G4 mimic an aging phenotype (18) . To rule out the possibility of a universal aging phenotype, we assayed telomere lengths in highly proliferative tissues such as the gonads, and no shortening was observed in G2, which is in accordance with previous reports by us and others (15, 17, 19 (Fig. 1C) . These data suggest that dystrophin deficiency exacerbates proliferation-independent telomere shortening in mdx 4cv /mTR G2 animals.
We sought to determine whether telomere shortening in cardiomyocytes lacking dystrophin was accompanied by a loss of shelterin proteins that protect telomeres (22) . In Langendorffisolated cardiomyocytes, we measured the transcript levels of shelterin proteins by RT-quantitative PCR and observed a decrease in expression levels of the telomere repeat binding protein Trf1 and a reduction in the telomere-capping components (Tpp1, Pot1a, and Pot1b) in mdx , cardiomyocytes, whereas no difference was seen in Trf2 and Tin2 (Fig. 2 B-D) . Taken together, these results provide evidence that the dystrophic phenotype is associated with a reduction in expression of genes encoding telomere-capping proteins, which could exacerbate telomere shortening in cardiomyocytes.
Critically Short Telomeres Result in a DNA Damage Response. To determine whether shortened telomeres lead to a DNA damage response, we assessed the amount of the p53 binding protein 1 (53bp1). For this purpose, we performed flow cytometry on cardiomyocytes isolated from Langendorff-perfused heart preparations. Cardiomyocytes from mdx 4cv /mTR G2 mice exhibited a significantly higher percentage of 53 bp1+ cardiomyocytes compared with mdx 4cv /mTR Het and mTR G2 controls (86.9 ± 2.4%, 36.4 ± 10.0%, and 27.3 ± 18.8%, respectively) ( 53bp1 findings, p53, which is normally subjected to ubiquitination and degradation via the MDM2 complex (23), was increased in mdx 4cv /mTR G2 cardiomyocytes, evident by immunoblotting (Fig. 3A ). In addition, we detected significant increases in the proportion of isolated cardiomyocytes expressing p53 in mdx 4cv /mTR G2 (33.7 ± 7.8%) compared with mdx 4cv /mTR Het (5.2 ± 1.0%) and mTR G2 controls (7.6 ± 2.8%) by flow cytometry ( Fig. 3 B and C). Induction of the p53 target gene p21 was also evident in mdx 4cv /mTR G2 cardiomyocytes by RT-qPCR (Fig. 3D ). The increase in p21 transcript levels was accompanied by a twofold increase in the proportion of cardiomyocytes expressing p21 protein assayed by flow cytometry in mdx 4cv /mTR G2 compared with mdx 4cv /mTR Het and mTR G2 controls (63.4 ± 11.4% vs. 22.2 ± 2.1% and 29.0 ± 8.6%, respectively) ( Fig. 3 E and F) .
p53 activation is known to block mitochondrial biogenesis by inhibiting expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha and 1-beta (Pgc1α and Pgc1β) (19 All assays were performed using 8-wk-old mice. Data are represented as mean ± SEM. Statistical analyses entailed one-way ANOVA with post hoc Bonferroni correction. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
( Fig. S4 and Dataset S1). In accordance with the development of dilated cardiomyopathy, proteins involved in muscle differentiation and muscle contraction were significantly increased, whereas proteins involved in oxidation and reduction reactions were significantly decreased in mdx 4cv /mTR G2 cardiomyocytes relative to controls.
To examine the integrity of mitochondria in dystrophic mice, isolated cardiomyocytes were assayed for intracellular reactive oxygen species (ROS), mitochondrial superoxide, and mitochondrial membrane potential. We observed a 20-30% increase in both mitochondrial superoxide and cellular ROS in mdx 4cv /mTR G2 cardiomyocytes relative to mdx 4cv /mTR Het and mTR G2 controls (Fig. 4 C and D) . (Fig. 4G) . Together, these results suggest that DMD cardiomyocytes exhibit reduced mitochondrial biogenesis and increased oxidative stress as a result of telomere shortening and p53 activation, culminating in metabolic compromise.
Mitochondrial Antioxidant MnTBAP Restores Mitochondrial Function.
Previously, we showed that treatment of dystrophic mdx 4cv /mTR G2 animals beginning at 8 wk of age with mitochondrial-specific antioxidant manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP) delayed the progression of dystrophic cardiomyopathy at 32 wk, as well as prolonged survival (15) . To determine whether an intervention could impede the mitochondrial dysfunction observed at 8 wk of age, we subjected dystrophic mice to MnTBAP beginning at 4 wk of age. Although treatment with MnTBAP during a 4-wk period did not reduce the level of mitochondrial superoxide production, overall cellular ROS levels were reduced, and mitochondrial membrane potential was restored compared with saline-treated controls (Fig. 4 H-J) . Importantly, MnTBAP treatment was sufficient to significantly abrogate the loss of mitochondrial respiration compared with saline-treated dystrophic controls. Together, these results suggest that in dystrophin-deficient cardiomyocytes, mitochondrial compromise can be partially alleviated in mdx 4cv /mTR G2 by early intervention with a mitochondrialspecific antioxidant MnTBAP.
Discussion
Our findings reveal that long telomeres protect mice from human genetic cardiomyopathies such as DMD, resolving a major conundrum. A long-term enigma has been that although the mdx /mTR G2 cardiomyocytes treated with either MnTBAP or saline vehicle (n = 8 mice per treatment; technical n = 4-8). All assays performed using 8-wk-old mice. Data are represented as mean ± SEM. Statistical analyses entailed one-way ANOVA with post hoc Bonferroni correction, except for the MnTBAP rescue experiments, for which a two-tailed Student's t test was used. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. mouse lacks dystrophin, similar to patients with DMD, it does not manifest a cardiac phenotype, whereas patients succumb because of dilated cardiomyopathy. For unknown reasons, humans have much shorter telomeres than mice (10). When we "humanized" telomeres of dystrophin-deficient mdx 4cv mice to be similar in length to those in humans by breeding mdx 4cv to Terc knockout mice, the mice died prematurely as a result of dilated cardiomyopathy (15) . Moreover, the severe skeletal muscle phenotype characteristic of patients with DMD was not evident in dystrophin-deficient mdx 4cv mice despite chronic cycles of degeneration and regeneration, because long telomeres fueled the stem cell reserve and increased the regenerative capacity of the muscle stem cells (17) . Indeed, these results provide mechanistic insights into our prior studies showing that myoblasts, even from young DMD patients, have markedly impaired proliferative capacity (25) . Using our mdx 4cv /mTR G2 mice, we show here that significant telomere attrition occurs during postnatal dystrophic heart development in a proliferationindependent manner. Others have shown that, loss of telomere protection due either to reduced levels of a shelterin or of the miR-34 target, PNUTS, is associated with heart disease (26, 27) . Conversely, elongation of telomeres by increasing telomerase activity conferred protection in mouse hearts subjected to myocardial infarction (28) . In our mdx 4cv /mTR G2 model, shortened telomeres correlated with decreased levels of three shelterins Trf1, Tpp1 and Pot1a/b. To probe cause and effect and reveal the mechanism underlying telomere shortening, an alternative is needed as the cultures of dissociated murine cardiomyocytes used here do not survive beyond 1-2 d. Of particular interest would be an elucidation of how cardiomyocyte telomeres shorten as a result of dystrophin deficiency in a proliferation-independent manner.
Telomere length is reduced in cardiomyopathy due to aging in mice and humans (11, 19) . Our assessment was performed in cardiomyocytes of mouse heart tissues, as telomere length is not a reliable diagnostic marker for cardiovascular disorders when measured in the leukocytes of patients (29) . Indeed, it is essential to evaluate telomere length in the relevant cell type, cardiomyocytes. This is clear from our findings which indicate that reduced telomere length is a robust indicator of cardiac dysfunction in cardiomyocytes lacking dystrophin. By contrast, other muscle cell types within the dystrophin-deficient hearts, such as smooth muscle cells of the vasculature that do not require dystrophin have normal telomere lengths. Together, these results support the hypothesis that it is the need for contraction in the absence of a crucial contractile protein, dystrophin, that leads to shortened telomeres in cardiomyocytes. Further, our findings suggest that telomere length is integral to cardiac health and suggest that interventions that delay or halt telomere erosion could be beneficial for DMD patients and the aging population at increased risk for cardiovascular disease.
Our findings also suggest the possibility that telomere shortening could be a hallmark of other genetic dilated cardiomyopathies. Accordingly, "humanizing" the telomeres of mouse models lacking other proteins essential to contraction that culminate in dilated cardiomyopathy might better recapitulate the disease phenotype seen in patients with the same genetic defect. Such "humanized" models should prove useful for gaining insights into disease etiology and progression, and for tests of therapeutic interventions.
Our detection of elevated 53bp1 and p53 in mdx 4cv /mTR G2 cardiomyocytes suggests that critically short telomeres, in conjunction with dystrophin deficiency, may be sufficient to induce a DNA damage response. Short telomeres have been shown previously to be associated with induction of 53bp1 and activation of p53 (16, 19, 22) , but not in the context of genetic cardiac disease.
Here we show that activation of p53 in mdx 4cv /mTR G2 cardiomyocytes leads to a marked reduction in mitochondrial biogenesis and concomitant decreases in Pgc1α/β, membrane potential, and respiration evident at 8 wk of age, a point at which dilated cardiomyopathy is not evident by electrocardiography, echocardiogram, or MRI (15) . Similarly, p53 has been implicated in TERT G4 null mice, a mouse model of premature aging associated with ubiquitous telomere shortening resulting from the absence of the protein component of telomerase. These mice typically develop mitochondrial dysfunction because of p53-dependent inhibition of PGC1α/β and dilated cardiomyopathy at G4, but that can be prevented if the mice lack p53 as a result of genetic ablation (19) . In skeletal muscle, the absence of Pgc1α leads to loss of mitochondrial integrity and remodeling, in part because of up-regulation of the mitofusion 2 (Mfn2) protein (30) . Furthermore, cardiac-specific deletion of Mfn1/2 in mice results in increased mitochondrial fragmentation and lethal dilated cardiomyopathy (31) . Notably, dystrophin-deficient cardiomyocytes have been shown by others to exhibit elevated ROS when subjected to mechanical stretch (32) , and high ROS in nonproliferating fibroblasts has been shown to cause telomere shortening (33) . Our finding that MnTBAP treatment is able to restore mitochondrial respiration (Fig. 4) and increase survival (15) suggests ameliorating mitochondrial function may improve cardiac function.
A recent report showed that dystrophin functions not only as a structural contractile protein but also regulates asymmetric skeletal muscle stem cell division (34) . Here, we show that dystrophin can also protect cardiomyocytes from telomere attrition and prevent mitochondrial compromise. We also provide a molecular and metabolic characterization of dystrophic cardiomyocytes. Further, our studies reveal an interplay between telomere length and mitochondrial homeostasis that is fundamental to the etiology of DMD cardiomyopathy. Together, our data suggest that interventions that restore mitochondrial biogenesis, increase telomere-capping proteins, or induce telomere elongation may halt or delay the onset of dilated cardiomyopathy in DMD.
Materials and Methods
Mice. All protocols were approved by the Stanford University Administrative Panel on Laboratory Animal Care. C57BL6 mdx 4cv mice and C57BL6 mTR Het mice were used to generate the double-mutant animals, as described previously (15) . As the human disease is X-linked, our studies were restricted to male mice. The exact number of animals for each data set and all relevant details regarding the sample size are reported with each experiment.
Adult Cardiomyocyte Assays. Hearts were excised and used for ex vivo Langendorff perfusion to isolate mature cardiomyocytes. Isolated cardiomyocytes were used directly or allowed to attach at 37°C to laminin (1:100 in dH 2 O, Sigma, L2020) precoated black 96-well clear-bottom plates (Corning Costar, 3603) in serum-free cardiomyocyte AW medium (Cellutron, m-8034). Medium was changed after 1 h, and cells were incubated for 30 min at 37°C with various fluorescent dyes from Life Technologies: CellROX Deep Red Reagent (C10422), MitoSOX Red Mitochondrial Superoxide Indicator (M36008), and tetramethylrhodamine, methyl ester, and perchlorate (TMRM; T-668). Signal was detected using Tecan Infinite M1000 PRO machine at the Stanford High-Throughput Bioscience Center. For mitochondrial respiration measurements, 5,000 isolated cardiomyocytes were seeded onto laminin-coated XF96 microplates under basal (XF assay medium only), glucose (5 μM glucose), or Palmitate (XF Palmitate-BSA FAO Substrate kit; Seahorse Biosciences) and assayed according to manufacturer's instructions. Intracellular ATP levels were measured using the ATP Colorimetric/Fluorometric Assay Kit (Biovision). Cardiomyocyte RNA was extracted using RNeasy Micro Kit (Qiagen), and High Capacity cDNA Reverse Transcription Kit (Life Sciences) was used to generate cDNA for RT-qPCR with various Taqman probes (Table S1 ). Cell lysates were collected in radioimmunoprecipitation assay buffer, and immunoblotting was performed as previously described (35) .
Telomere Q-FISH and Immunofluorescence and Image Acquisition. Hearts were excised at the indicated ages and fixed overnight in 4% (vol/vol) paraformaldehyde in PBS. After progressive tissue dehydration with ethanol and xylene, the heart samples were embedded in paraffin. Cardiac paraffin sections (5 μm) were deparaffinized in xylene and rehydrated in serial ethanol concentrations. Proteomics Analysis. Adult cardiomyocytes from mdx/mTR KO and mTR KO mice (three each) were isolated using the Langendorff isolation protocol. Cytosolic and nuclear fractions were isolated using the NE-PER extraction kit (Thermo Part No. 78833). Cell lysates were diluted to 2 mg/mL in 50 mM Hepes at pH 8.0, 0.1% SDS, and reduced with 5 mM TCEP [tris(2-carboxyethyl)phosphine] (Thermo Part No. 77720) for 1 h at 50°C. Reduced proteins were labeled with 5-10 mM iodoTMT reagents (Thermo Part No. 90103) for 1 h at 37°C protected from light. Excess iodoTMT reagent, salt, and detergent were removed by acetone precipitation of samples at −20°C for 4-20 h. Proteins were then digested at 37°C for 4 h, using trypsin (Thermo Part No. 90103), and desalted using C18 spin tips (Thermo Part No. 84850). Labeled peptides (25-100 μg) were resuspended in TBS at 0.5 μg/μL and incubated with 20-100 μL immobilized anti-TMT antibody resin (Thermo Part No. 90076) overnight with end-over-end shaking at 4°C. After collection of the unbound sample, the resin was washed four times with 4 M Urea/TBS, four times with TBS, and four times with water. Peptides were then eluted three times with TMT Elution Buffer (Part No. 90104), frozen, and dried under vacuum before LC-MS/MS analysis. A total of 868 proteins (using a cutoff of minimum three peptides) were identified. Bioinformatic analysis was performed on both up-regulated (+1.2-fold cutoff) and down-regulated (−1.2-fold cutoff) proteins that were isolated by comparing the WT with mdx/mTR G2 and mTR G2 with mdx/mTR G2 independently. Gene Ontology analysis [DAVID/EASE program (36)] was used.
Statistical Analysis. All data are shown as the mean ± SEM of multiple experiments. Statistical analyses were calculated using one-way ANOVA with post hoc Bonferroni correction, nonparametric Kruskal-Wallis test with Dunn's correction for multiple comparisons, or two-tailed Student's t test. Statistical significance was considered at *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All statistical analyses were performed using GraphPad Prism software. Source data are shown in Dataset S2.
